ABSTRACT: Newborn Ripollesa lambs (n = 143) were used to assess the optimal age at which the vascular pattern of the retina can be used as a reference for identification and traceability. Retinal images from both eyes were recorded from birth to yearling (d 1, 8, 30, 82, 180, and 388 of age) in duplicate (2,534 images) using a digital camera specially designed for livestock (Optibrand, Fort Collins, CO). Intra-and inter-age image comparisons (9,316 pairs of images) were carried out, and matching score (MS) was used as the exclusion criterion of lamb identity (MS <70). Retinal images were used for verifying the identity of live lambs of 4 Spanish commercial categories: milk-fed lambs (MF; "lechal," 1 mo of age and <12 kg of BW, n = 136); light fattened lambs (LF; "recental," 3 mo of age and ~25 kg of BW, n = 134); recruited replacement lambs (RR; "ovino mayor," 6 mo of age and ~35 kg of BW, n = 59); and yearling replacement lambs (YR; >12 mo of age and ~50 kg of BW, n = 25). Values of MS were treated with a model based on the 1-inflated bivariate beta distribution, and treated data were compared by using a likelihood ratio test. Intra-age image comparisons showed that average MS and percentage of images with MS ≥70 increased (P < 0.05) with lamb age from d 1 to 82 (81.0 ± 1.0 to 95.9 ± 0.4, and 75.8 to 100%, respectively) and reached a plateau thereafter. Interage retinal image comparisons for MF lambs at 30 d showed that the percentage of images with MS ≥70 was greater when reference images at 8 d were used instead of 1-d images (94.8 vs. 87.4%, respectively; P < 0.05). In LF lambs, 30-d retinal images matched better than those at 8 d of age (99.6 vs. 93.6%, respectively; P < 0.05). Regarding RR and YR lambs, the 82-d images allowed the confirmation of 100% lamb identity, whereas 8-d images showed a smaller (P < 0.05) percentage of matching (87.9 and 89.8%, respectively, for RR and YR lambs; P > 0.05); no differences were detected for 30-d images (97.4 and 98.0%, respectively, for RR and YR lambs; P > 0.05). Total percentage of matching was achieved when images were obtained from older lambs (180 and 388 d). In conclusion, retinal imaging was a useful tool for verifying the identity and auditing the traceability of live lambs from suckling to yearling. Matching scores were satisfactory when the reference retinal images were obtained from 1-mo-old or older lambs.
INTRODUCTION
Traditional livestock identification (ID) systems, including branding, tattooing, ear notching, and ear tagging (metal and plastic) have been shown to be susceptible to loss, unreadability, and possible fraudulence as well as being the object of animal welfare concerns (Wardrope, 1995; Edwards et al., 2001; Garín et al., 2003) . Electronic ID, based on passive radiofrequency transponders (i.e., injectable, ear tag, and bolus), overcame some of these limitations and may be a costeffective option for livestock (Caja et al., 2004; Saa et al., 2005) .
Recent advances in biometrics have provided new ID technologies based on natural traits (e.g., DNA profile, and facial and eye recognition) among which retinal imaging has proved to be a simple and accurate method for verifying the ID of cattle and sheep (Allen et al., 2008; Gonzales-Barron et al., 2008; Rojas-Olivares et al., 2011) . The vascular pattern of the retina is a unique and distinctive trait in animals and humans, which undergoes few changes from birth to adult life, and even differentiates monozygotic twins and clones (Whittier et al., 2003; Golden et al., 2004; .
A specific device, designed for capturing the vascular pattern of the retina of livestock under farm conditions, is currently available (OptiReader, Optibrand, Fort Collins, CO) . This device is commonly used for verifying the identity of cattle and sheep for the 4-H youth program in the United States (Rusk et al., 2006) and has been proposed as a real-time alternative to genetic fingerprinting for auditing the identity of animals in current traceability schemas (Rojas-Olivares et al., 2011) .
The aim of this study was to determine the optimal age at which the vascular pattern of the retina can be used as a reference for lamb ID, and to evaluate retinal imaging as a tool for verifying the ID of 4 Spanish commercial categories of harvesting lambs from suckling to yearling.
MATERIALS AND METHODS
Experimental and animal care procedures were approved by the Ethical Committee on Animal and Human Experimentation of the Universitat Autònoma de Barcelona (Bellaterra, Spain).
Animals and Management
Ripollesa breed lambs from the Experimental Farm of the Servei de Granges i Camps Experimentals of the Universitat Autònoma de Barcelona were used for verifying the ID of live lambs of 4 commercial categories: milk-fed lambs (MF; "lechal," n = 136), light fattened lambs (LF; "recental," n = 134), recruited replacement lambs (RR; "ovino mayor," n = 59), and yearling replacement lambs (YR, n = 25).
The feeding and management of the lambs was similar to that described by Rojas-Olivares et al. (2011) . In brief, the ewes grazed during the day and the lambs suckled their mothers overnight (1500 to 1000 h) and were creep-fed a commercial starter concentrate until weaning. Eight lambs died during the suckling period (5.6%). The rest of the lambs were weaned when >12 kg of BW (mean BW = 14.4 ± 0.2 kg) at approximately 7 wk of age (mean age = 50.8 ± 0.6 d). Weaned lambs (n = 135) were moved to straw-bedded fattening pens and fed ad libitum with a commercial concentrate, barley straw, and water until they reached the harvesting weight as LF lambs. One more lamb died during fattening (0.7%). A total of 69 LF lambs left the farm for slaughtering and 40 RR lambs were sold at 6 mo of age for breeding or were culled, the rest (n = 25) being retained as YR lambs. The YR ewe lambs (n = 20) joined the adult flock and grazed with them as a group, being complemented separately indoors with hay and concentrate according to their requirements (INRA, 2007) ; ram lambs (n = 5) were fed alfalfa and rye-grass hay and rationed concentrate indoors.
Lamb Individual Identification
Each lamb was identified at birth as intended for slaughter according to European regulation EC 21/2004 (amended by EC 933/2008 with an official temporary ear tag (2 rectangular flags made of polyurethane with a tamper-proof closing system, 2.8 g, 40 × 14.5 mm; Allflex-Azasa, Madrid, Spain) in the left ear.
A second official ear tag used for permanent ID of breeding stock (EC 21/2004 and EC 933/2008 ) was inserted in the right ear (2 triangular flags made of polyurethane with a tamper-proof closing system, 5.2 g; 38 × 39 mm; Allflex-Azasa) of the lambs at weaning. Lambs also were electronically identified with a mini-bolus (19 g, 56.2 × 11.9 mm; Allflex-Azasa) containing standardized 32 × 3.8-mm half-duplex transponders recorded with the same individual code as the ear tags. Lambs were restrained manually in the pens and boluses administered by trained operators using an adapted balling gun (Rumitag, Esplugues de Llobregat, Barcelona, Spain) as described by Caja et al. (1999) and Ghirardi et al. (2007) .
Retinal Imaging
Retinal images were captured by a trained operator using an OptiReader device (Optibrand) inside the barn. Lighting conditions were set by the operator for comfortable video-screen viewing, as described by Rojas-Olivares et al. (2011) . Lamb age for capturing the reference retinal images varied according to the commercial category used. Retinal images of MF lambs (n = 135) were captured at d 1 (mean age and BW 1.3 ± 0.1 d and 3.9 ± 0.1 kg, respectively), d 8 (mean age 8.4 ± 0.1 d), and d 30 (mean age and BW 30.0 ± 0.1 d and 9.7 ± 0.2 kg, respectively) of age during the suckling period. Retinal images of the LF lambs (n = 134) were captured at d 82 of age (mean age and BW 82.4 ± 1.3 d and 22.2 ± 0.2 kg, respectively) near the end of the fattening period. Retinal images of the RR lambs (n = 59) were captured at d 180 (mean age and BW 180.4 ± 1.0 d and 34.1 ± 0.6 kg, respectively). Retinal images of the YR lambs (n = 25) were captured at d 388 (mean age and BW 387.7 ± 1.2 d and 49.4 ± 2.0 kg) during the first mating season. Number of eyes studied for each age of lambs, capturing time (CT) of the retinal image, and number of rejected images are shown in Table 1 . All images were captured in duplicate with a total of 2,534 images.
Lamb restraining for retinal imaging varied according to lamb weight; the MF lambs were held in the arms of the operator during the image capturing process, whereas the rest of the lambs were restrained by using a head-lock with the lamb head immobilized by the operator. Retinal images of both eyes were recorded starting from the left side with the operator being righthanded. For image capturing, the video camera objective was directed to each lamb eye at approximately 1 cm with an angle of 45°, following the recommendations of the manufacturer as described by Rojas-Olivares et al. (2011) . Capturing time also was recorded by the video camera to the nearest 10 −3 s and consisted of the time required from targeting activation until a retinal image of enough quality was taken . This time included the several attempts made until obtaining a retinal image of acceptable quality according to manufacturer recommendations (i.e., contrasted vascular pattern, vertical and horizontal alignments in relation to the screen guidelines, and without black edges, glare, obstructions, or blurriness). Recorded retinal image and associated data were stored and transferred to an online central database supported by the DMS (Data Management Software) of Optibrand to calculate the matching score (MS) between pairs of images.
To assess the optimal age at which the captured retinal image can be used as the reference image for verifying the lamb identity and to audit the traceability process, a series of intra-and inter-age comparisons of retinal images were made. As duplicate images were taken, 6 intra-age and 15 inter-age MS comparisons for each eye were completed. Only inter-age comparisons from early to later dates were evaluated (i.e., 1 vs. 8, 30, 82, 180, and 388 d; 8 vs. 30, 82, 180, and 388 d; 30 vs. 82, 180, and 388 d; 82 vs. 180 and 388 d; and 180 vs. 388 d) . A minimum of MS = 70 was used as the exclusion criterion [0.989 sensitivity (i.e., probability of a correct match) and 0.995 specificity (i.e., probability of a correct nonmatch)], as previously determined by Gonzales-Barron et al. (2008) and Rojas-Olivares et al. (2011) , using the nonparametric receiver operating characteristic curve methodology in sheep.
Statistical Analyses
Similarly to that observed by Rojas-Olivares et al. (2011) , an excess of MS = 100 was observed, indicating that the distribution did not correspond to the profile of a continuous distribution. Consequently, a specific model for the treatment of MS data (expressed from 0 to 1) using the 1-inflated bivariate beta distribution was constructed. Parameter estimation was completed by maximizing the corresponding log-likelihood function with a program made in R free computing software (http://www.r-project.org; Rojas-Olivares et al., 2011) . Percentage of images showing a MS ≥70 were analyzed with the CATMOD procedure (SAS Inst. Inc., Cary, NC), and a Logit model with an estimation method of maximum likelihood (Cox, 1970) was used. Effects evaluated were eye side (left or right), age of the lamb (d 1, 8, 30, 82, 180, and 388) , eye × age interaction, and residual error.
Logarithmic transformations (log 10 ) for CT data were calculated, and least squares means of CT were obtained with the MIXED procedure of SAS. Effects Within a row, values with a different superscript differ (P < 0.05).
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Within a column, values with a different superscript differ (P < 0.05). 1 A total of 5 retinal images from the right eye were lost at d 1, 8, 30, and 82 of age because of operational mistakes. evaluated were eye side, age of the lamb, eye × age interaction, and residual error.
The single eye was considered the experimental unit. The statistical significance and tendency were declared at P < 0.05 and P < 0.10, respectively. Nonsignificant interactions at P > 0.20 were removed in all cases from the final models.
RESULTS AND DISCUSSION

Retinal Image Repeatability and Capturing Performances
Intra-age comparisons of retinal images between duplicates, used to estimate the repeatability of the retinal imaging methodology, gave overall MS values that ranged widely between ages (37.6 to 100; data not shown). The least MS values were obtained in the 1-dof-age lambs in which capturing images of greater quality was difficult. No correlation (r 2 < 0.1, P > 0.10) between MS of the left and right eyes was detected, in agreement with Rojas-Olivares et al. (2011) ; consequently, retinal images of each eye were treated as independent variables and obtained MS values were pooled. Averaged intra-age MS values increased with age of lambs and ranged between 81.0 and 97.3 (Table 2 ; values above the diagonal). In agreement with the wide lamb age interval used (1 to 388 d of age), the range of variation of intra-age MS values was greater than intraage comparisons of retinal images from 3-mo-old lambs and adult sheep (Rojas-Olivares et al., 2011) . Evolution of intra-age MS values according to the age of the lambs (Figure 1) showed a logarithmic trend (r 2 = 0.97, P < 0.001) that increased dramatically from d 1 to 30 (P < 0.05) and reached a plateau from d 30 to 388 (P > 0.10). The greatest MS mean value was obtained in YR lambs at 388 d of age (97.3 ± 0.8) and was similar to the value reported by Rojas-Olivares et al. (2011) in lambs under the same management conditions and age but different breeds (i.e., Lacaune and Manchega).
Intra-age comparisons also showed that the percentage of pairs of images over the exclusion criterion (MS ≥70) did not vary according to eye side (P > 0.10), although it increased with the age of the lambs (Table  3 ). Percentage of images over the exclusion criterion ranged between 75.8 and 100%, reaching a value which did not differ from 100% at 82 d of age (P > 0.10). Moreover, more than 95% of the pairs of images compared after 30 d of age were declared to be from the same lamb eye (Table 3) .
Overall CT values varied widely (1.8 to 515.5 s) and were affected by eye side at 30, 82, and 180 d of age (P < 0.05) but not at earlier or later ages (Table 1) . Differences between eyes were related to the procedure followed by the operator (starting with the left eye) and to the joint effect of lamb age and restraining method. Obtained CT values decreased logarithmically with lamb age and varied according to the restraining method used (suckling lambs held in the arms, 50 ± 2 s, r 2 = 0.99; weaned lambs head-locked, 42 ± 2 s, r 2 = 0.95; P < 0.05) as shown in Figure 1 . The difference of CT values for the left eye compared with the right eye detected at d 30 (−9.5 s, P < 0.05; Table 1 ) was considered to be a consequence of the operator being right-handed. The opposite was observed when the lambs were restrained in the head-lock (Table 1) Values within the diagonal are intra-age comparisons (repeatability of duplicates of the same lamb and eye taken at the same age). Values under the diagonal are inter-age comparisons of retinal images used for verifying lamb identity.
average, compared with 64 and 72 eyes/h in Rusk et al. (2006) and Gonzales-Barron et al. (2008) , respectively.
Number of images rejected until obtaining one of acceptable quality showed an evolution similar to CT values, decreasing from d 1 to 30, then increasing from d 82 to 180 to reach values close to 2.0, and eventually reaching an average value of 1.0 at d 388 (Table 1) . A greater number of images was rejected in the right eye than in the left eye from d 1 to 30 (P < 0.05), which was considered to be a consequence of the procedure followed and operator fatigue (i.e., right-handed operator starting with the left eye). Right to left eye differences disappeared (P > 0.10) when the weaned lambs were restrained in the head-locker (d 82 and thereafter; Table 1 ). Obtained values were greater than those reported by Rojas-Olivares et al. (2011) in Lacaune and Manchega lambs of similar age (0.7 images rejected), which may be a consequence of the behavioral characteristics of the Ripollesa lambs used. Ripollesa is a meat breed that is handled less by humans throughout its production cycle than the Manchega and Lacaune dairy breeds and that has proved to be more nervous and Within a column, values with a different superscript differ (P < 0.05).
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Within a row, values with a different superscript differ (P < 0.05). susceptible to stress than the Manchega and Lacaune (Pedernera-Romano et al., 2011) . Both greater CT and rejected image values were obtained in the Ripollesa lambs than in the Manchega and Lacaune lambs despite being imaged repeatedly from birth to yearlings. These results stressed the importance of using an adequate sheep restraining method and trained operators for the use of retinal imaging at an industry level.
Accuracy of Lamb Identity Verification for Traceability
Inter-age comparison of pairs of images used to verify identity of lambs at different ages showed smaller MS values than intra-age comparisons (Table 2 , diagonal vs. under the diagonal values). The use of reference retinal images for inter-age comparisons captured at 30 d or older lambs yielded greater MS values (Table 2) . Moreover, the use of reference retinal images taken in young lambs (1 and 8 d of age) yielded smaller inter-age MS values than retinal images taken in the same lambs at 180 and 388 d of age (Table 2) . Barry et al. (2008) reported a similar trend for inter-age MS comparisons in cross-bred lambs with no differences in age when the lambs were older than 8 wk. The greatest MS value in our study (94.8 ± 0.6) was obtained when comparing the 82 vs. 180 d of age images and was similar to the value reported by Rojas-Olivares et al. (2011) in a similar inter-age comparison in lambs (3 vs. 6 mo of age; MS = 93.5). Our results were less than MS values reported in 8 to 22 wk-old lambs by Barry et al. (2008; 96.0) and in adult ewes reported by Gonzales-Barron et al. (2008; 95.6) . Results of MS reported by , using images captured at 1 wk of age as the reference, were slightly greater than those obtained at a similar age in our study (86.0 vs. 81.6, respectively) . According to Barry et al. (2008) , the improvement of MS values with the age of the lambs is a consequence of the low quality of the images captured in young lambs due to technical reasons (i.e., out-of-focus, glared, and poorly contrasted images) rather than due to structural changes that occurred in the retina during lamb development. Thus, these authors only observed small modifications of the blood vessel pattern (i.e., more marked curvature) at the secondary branch level in approximately 10% of lamb eyes (n = 4, over 38 eyes), although further development ceased at wk 8 of age and these changes had a minor impact on their retinal image MS values. In our study, we observed 9.9% of eyes (n = 231, over 2,329 eyes) with MS <70 in the inter-age comparisons, but only 10 of them (4.3%) showed small structural changes in the vascular pattern of the retina (i.e., flattened curves). A careful examination of the inter-age pairs of retinal images with small MS values showed quality problems (out of focus, low contrast, and some glare or obstructions) as a consequence of the small size of the eye and of lamb restraining difficulties. Moreover, 1.9% of pairs of compared retinal images (177 pairs from a total of 9,316 pairs of images compared) were detected as matched incorrectly by the Optibrand software (MS <70) by incorrect horizontal overlapping in the different inter-age comparisons. A greater number of mismatched images (6.9%) was detected previously by Rojas-Olivares et al. (2011) in the inter-age comparison of retinal images of sheep. Visual verification of these images led to the conclusion that they came from the same lamb eye, and consequently, the MS values of these comparisons were eliminated to avoid biased results. This mismatching by incorrect horizontal overlapping was repeatable and did not occur in the intra-age comparisons, as also reported by Rojas-Olivares et al. (2011) , but the reasons for the false negative matching are unknown.
Although some differences in the development of the retina may be expected according to breed, obtained results showed that the quality of retinal images captured using the standard Optibrand camera is the main factor limiting the use of retinal imaging at early ages in sheep. Better quality and more consistent retinal images can be obtained if reference images are captured from lambs of at least 1 mo of age or from weaned lambs. Nevertheless, Barry et al. (2008) also found a drop in MS between wk 10 and 16 of age, attributed to lamb weaning stress (weaning, wk 12 to 14), which was not observed at d 80 (3 wk after weaning) in our study.
Similar results were obtained when taking into account the percentage of images above the agreed MS acceptance threshold (MS ≥ 70) and the purged data set (without the false negative MS values; Table 3 ). Percentages of retinal images above the threshold criterion varied widely from 54.2 to 100% according to the age of the lambs at which the reference retinal image was taken. This value may be used to evaluate the retinal imaging methodology for traceability purposes. Retinal images taken at 1 and 8 d of age were inadequate for an accurate verification of lamb identity (percentage of matched images <95%). On the contrary, greater accuracy was obtained when retinal images taken at 30 d of age or later were used for verifying lamb identity (percentage of matched images >95%). Moreover, the percentage of images over the threshold steadied at 100% when the retinal images used as the reference were taken at 82 d of age or thereafter. Results obtained for the inter-age MS comparisons showed that 30 d of age was the earliest age at which retinal images can be captured for accurate lamb traceability in practice.
Compared with retinal image values, lamb traceability obtained by using the temporary ear tags in MF lambs was 97.1% at the end of the suckling period (2.9% of the temporary ear tags were lost or showed severe bite damages, making them unreadable at 30 d of age). Additionally, 8.0% of temporary ear tags were lost or unreadable at the end of the experiment in the YR lambs (388 d of age), yielding 92.0% traceability. On the other hand, the official permanent ear tags inserted in the right ear at weaning showed 100% trace-ability from weaning to yearling. These results agreed with those reported by Rojas-Olivares et al. (2011) in Manchega and Lacaune lambs under similar conditions. On the contrary, lamb traceability calculated by the retention rate of mini-boluses was 98.5% in the LF lambs (from weaning to slaughter) and decreased to 92.0% in YR lambs from weaning to yearling. Mini-bolus retention in our study contrasted with the greater retention values (>98%) reported earlier for similar electronic devices in lambs and adult ewes (Ghirardi et al., 2006 (Ghirardi et al., , 2007 . Retention divergence may be attributable to differences in the bolus features because devices in our work belonged to a different manufacturer and were not tested before under our conditions.
With regard to the different Spanish commercial categories of harvesting lambs studied, the obtained results showed that the optimal ages at which the reference retinal image should be taken varied according to the lamb commercial category (Table 3) In conclusion, the use of retinal imaging proved to be an accurate methodology for lamb identity verification from suckling to yearling. One month of age was the recommended age for taking the reference retinal images for maximizing lamb identity verification for auditing the traceability of lambs.
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